Abstract ADP-ribosylation of cell surface proteins in mammalian cells is a post-translational modification by which ecto-ADP-ribosyltransferases (ARTs) transfer ADPribose from extracellular NAD to protein targets. The ART2 locus at murine chromosome 7 encompasses the tandem Art2a and Art2b genes that encode the distinct ART2.1 and ART2.2 proteins. Although both ecto-enzymes share 80% sequence identity, ART2.1 activity is uniquely regulated by an allosteric disulfide bond that is reducible in the presence of extracellular thiols, such as cysteine and glutathione, that accumulate in hypoxic and ischemic tissues. Previous studies have characterized the expression of ART2.1 and ART2.2 in murine T lymphocytes but not in other major classes of lymphoid and myeloid leukocytes. Here, we describe the expression of ART2.1 activity in a wide range of freshly isolated or tissue-cultured murine myeloid and lymphoid leukocytes. Spleen-derived macrophages, dendritic cells (DC), and B cells constitutively express ART2.1 as their predominant ART while spleen T cells express both ART2.1 and the thiol-independent ART2.2 isoform. Although bone-marrow-derived macrophages (BMDM) and dendritic cells (BMDC) constitutively express ART2.1 at low levels, it is markedly up-regulated when these cells are stimulated in vitro with IFNβ or IFNγ. ART2.1 expression and activity in splenic B cells is modestly up-regulated during incubation in vitro for 24 h, a condition that promotes B cell apoptosis. This increase in ART2.1 is attenuated by IL-4 (a B cell survival factor), but is not affected by IFNβ/γ, suggesting a possible induction of ART2.1 as an ancillary response to B cell apoptosis. In contrast, ART2.1 and ART2.2, which are highly expressed in freshly isolated splenic T cells, are markedly downregulated when purified T cells are incubated in vitro for 12-24 h. Studies with the BW5147 mouse thymocyte line verified basal expression of ART2.1 and ART2.2, as in primary spleen T cells, and demonstrated that both isoforms can be up-regulated when T cells are maintained in the presence of IFNs. Comparison of the surface proteins which are ADP-ribosylated by ART2.1 in the different leukocyte subtypes indicated both shared and cell-specific proteins as ART2.1 substrates. The LFA-1 integrin, a major target for ART2.2 in T cells, is also ADP-ribosylated by the ART2.1 expressed in macrophages. Thus, ART2.1, in contrast to ART2.2, is expressed in a broad range of myeloid and lymphoid leukocytes. The thiol redox-sensitive nature of this ecto-enzyme suggests an involvement in purinergic signaling that occurs in the combined context of inflammation and hypoxia/ischemia.
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Introduction
Mono-ADP-ribosylation represents a post-translational protein modification catalyzed by toxin-related ADPribosyltransferases (ARTs) that are expressed as GPIanchored or secreted ecto-enzymes in mammalian cells. These ecto-ARTs transfer the ADP-ribose moiety from extracellular NAD to arginine and cysteine residues on target protein substrates with resultant changes in activity [1] [2] [3] [4] . The ability of extracellular NAD, acting through ecto-ARTs, to modulate the function of multiple cell surface proteins comprises an alternative route of purinergic signaling that operates in parallel with the well-characterized pathways targeted by P2 and P1 receptors. Based on sequence homology, the ecto-ART family in mammals includes four human subtypes (ART1, 3, 4, 5) and six murine subtypes (ART1, 2.1, 2.2, 3, 4, 5). Mammalian ART3 and ART4 lack measurable enzyme activity and have presumably acquired other functions as cell surface proteins. Although the other ARTs possess similar catalytic activities, they are characterized by distinct patterns of tissue-selective expression and utilization of different target proteins as predominant substrates [5] .
The ART2 ecto-enzymes have been particularly wellcharacterized in rodent T lymphocytes. ART2 gene products are expressed as GPI-anchored proteins on the surfaces of murine T cells and catalyze ADP-ribosylation of CD8, CD43, CD44, CD45, and LFA-1 to regulate cell surface receptor clustering, cell trafficking, and signaling [6] [7] [8] . Additionally, ART2 mediates the NAD-induced transactivation of the P2X 7 purinergic receptor (P2X 7 R) in murine T cells via ADPribosylation of Arg-125 on that receptor; this results in gating of Ca 2+ influx, macropore formation, phosphatidylserine exposure, CD62L shedding and accelerated cell death [9, 10] .
The ART2 locus at murine chromosome 7 encompasses the tandem Art2a and Art2b genes that encode the distinct ART2.1 and ART2.2 proteins; these share 80% identity in sequence and both function as ecto-ADP-ribosyltransferases or NAD glycohydrolases. However, an additional pair of unique cysteines (Cys-80 and Cys-201) in ART2.1 can result in disulfide bond formation that allosterically suppresses catalytic activity of this isoform. This inhibited state of ART2.1 is readily reversed in the presence of thiol reductants, such as exogenous dithiothreitol or endogenous cysteine or glutathione, that accumulate in the extracellular compartments of inflamed or hypoxically stressed tissues [11, 12] . The additional layer of allosteric regulation for ART2.1, but not ART2.2, indicates that these isoforms are not simply redundant gene products; this is also consistent with their differential expression in various inbred mouse strains [13] [14] [15] . These differences in allosteric regulation and effect of genetic background further suggest that ART2.1 versus ART2.2 may be selectively utilized for signaling by different subpopulations of leukocytes, or during particular inflammatory/immune responses that occur in the context of hypoxia and ischemia.
We have recently reported that bone-marrow-derived macrophages (BMDM) lack significant expression of any of the murine ecto-ART subtypes, but selectively upregulate ART2.1 (but not ART2.2 or other subtypes) in response to multiple inflammatory mediators [16] . In contrast, freshly isolated T cells from the same mice basally express both ART2.1 and ART2.2 [17] [18] [19] [20] [21] [22] [23] . Given these striking differences in expression of ART2.1 and ART2.2 in different leukocyte subsets and under in vivo versus in vitro conditions, this study was designed to address two major questions: (1) Is ART2.1 is expressed in leukocyte types other than macrophages and T cells? (2) 
Materials and methods
Reagents LPS (E. coli serotype 01101:B4) was from List Biological Laboratories. Recombinant murine interferon-γ (IFN-γ) was from Boehringer Mannheim Biochemica, recombinant murine interferon-β (IFN-β) from US Biologicals, and recombinant murine IL-4 from R&D. ERK kinase inhibitor U0126 was from Calbiochem. NAD, etheno-NAD, ADP-ribose and TRIzol were from SigmaAldrich. Oligo dT primer was from Promega. AMV reverse transcriptase was from Roche. Taq DNA polymerase was from New England BioLabs. 1G4 mouse monoclonal antibody was prepared as previously described [16] . Goat polyclonal anti-actin (sc1615) antibody and all HRPconjugated secondary antibodies were from Santa Cruz Biotechnology. APC-conjugated anti-F4/80 was from eBioscience and PE-conjugated anti-CD11c was from Pharmingen. PE-and FITC-conjugated Anti-CD3 and anti-CD19 were also from BD Pharmingen/BD Biosciences [23] . Mouse CD11c mAb was a generous gift from Dr. Clifford Harding (Case Western Reserve University).
Animals and cells BALB/c and C57BL/6 mice were purchased from Taconic, Inc. BALB/c mice with single knockout of ART2.1 (ART2.1KO), were generated and characterized as previously described [24] . All experiments and procedures using these various mouse strains were approved by the Institutional Animal Use and Care Committees of Case Western Reserve University, or Hamburg University Hospital. Bone-marrow-derived macrophages (BMDM) and bone-marrow-derived dendritic cells (BMDC) or splenocytes, including splenic T cells, B cells, DCs, and macrophages, were respectively prepared from the bone marrow or spleens of CO 2 -euthanized animals. For BMDM or BMDC, femurs and tibia were isolated from the euthanized mouse and the marrow cavity plugs were washed out by sterile PBS. BALB/c BMDM were expanded and grown in the presence of M-CSF as previously described [16] . For generation of BMDC, bone marrow cells were cultured in DMEM (Sigma-Aldrich) supplemented with 2 ng/ml GM-CSF (PeproTech), 10% calf serum (HyClone Laboratories), 100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen Life Technologies) in 150-mm dishes, in the presence of 10% CO 2 at 37°C. The culture media were changed on the fourth and seventh day after the initial plating. The resulting BMDC were replated into six-well plates on the ninth day. Greater than 50% of these BMDC expressed high levels of CD11c as monitored by flow cytometry (data not shown) and the cells were used within 6 days. For isolation of B-and T lymphocytes, spleens from euthanized mice were cut into small pieces and passed through nylon mesh (100 μm) to generate single cell suspensions. The suspension was further processed by removal of erythrocytes, granulocytes, and debris using gradient centrifugation on Histopaque-1077 (Sigma-Aldrich). The mononuclear leukocyte layer at the gradient interface was used for purification of B-and T lymphocytes. B cells were isolated from the flow-through of Dynal mouse B cell negative selection magnetic beads (Invitrogen). T cells were isolated from the flow-through of Dynal mouse T cell negative selection magnetic beads (Invitrogen). Following isolation, B cells or T cells were either assayed immediately for ART expression or were placed in short-term (12-24 h) cell culture in RPMI-1640 medium supplemented with 10% calf serum, plus or minus other cytokines as indicated. BW5147 thymocytes were cultured as previously described [25] .
RT-PCR analyses Total RNA was isolated using TRIzol reagent according to manufacturer's instructions and quantified by optical density at 260 nm. Three micrograms of RNA and 1 µg of oligo dT primer were added into one RT reaction catalyzed by AMV reverse transcriptase (50 units). The RT reaction was incubated at 42°C for 60 min. The RT products were then used for PCR amplification in appropriate optimal cycling conditions for each primer set. The resulting PCR amplicons were electrophoresed on 1.5% agarose gels and visualized by ethidium bromide staining. The primers and PCR conditions for the six murine ectoARTs, iNOS, IRF-1, IFN-β and GAPDH were identical to those previously described [16] . Additionally, CD38 was used as a marker for the B cell population with the primer set: forward: 5′-GCAACATCACAAGAGAAGACTACGC-3′; reverse: 5′-ACACACTGAAGAAACCTGGCAGGCC-3′. The PCR with these CD38 primers was run at: 94°C, 45 s; 50°C, 30 s; 72°C, 60 s for 40 cycles.
1G4 mAb-based ART activity assay and Western blot protocols ART activity was assayed in BMDC, BMDM, freshly isolated tissue macrophages, splenic T lymphocytes, splenic B lymphocytes, or BW5147 thymoma cells using the 1G4 antibody [26] that detects etheno-ADP-ribosylated proteins as previously described [16] . Briefly, intact cells were transferred to basic salt solution (BSS) containing 130 mM NaCl, 5 mM KCl, 1.5 mM CaCl 2 , 1 mM MgCl 2 , 25 mM HEPES (pH 7.5), 5 mM glucose and 1% BSA, supplemented with the indicated concentrations of ε-NAD substrate and 1 mM ADP-ribose (ADP-R) plus or minus 2 mM dithiothreitol (DTT). The ADP-ribosylation reaction time was 15 min at 37°C and the reactions were terminated by removal of incubation media. The cells were washed with PBS and lysed on ice for 20 min in PBS containing 1% TritonX-100, 1 mM DTT, 2 µg/ml leupeptin, 100 µg/ml PMSF, and 2.5 µg/ml aprotinin. The collected lysates were centrifuged at 15, 000×g for 10 min at 4°C and the supernatants were transferred to new tubes. Proteins were denatured by addition of 4× SDS gel loading buffer and boiling for 5 min. The samples were electrophoresed on 15% SDS-PAGE gels and transferred (24 V for 54 min) to PVDF membranes (Millipore) in Tris-Glycine buffer (9.09 g Tris, 43.2 g glycine, 600 mL methanol, 2.4 L H 2 O). The membranes were blocked in immunoblot (IB) buffer (10 mM Tris (pH 7.4), 0.9% NaCl, 0.05% Tween 20, and 1 mM EDTA) containing 4% nonfat milk for 1 h and incubated with primary antibodies (1G4 at 75 μg/ml; anti-actin at 0.4 μg/ml) at 4°C for 12-15 h. After five washes in IB buffer, the membranes were incubated with appropriate horseradishperoxidase-conjugated secondary antibodies (anti-mouse at 80 ng/ml; anti-goat at 160 ng/ml) at room temperature for 1 h and washed five times in IB buffer. The membranes were developed by chemiluminescent reagents (SuperSignal, Pierce) and exposed to Eastman Kodak X-ray film.
Immunoprecipitation and analysis of ADP-ribosylated LFA-1 integrin Intact BALB/c BMDM were incubated in fresh DMEM containing 15% calf serum, 100 U/ml penicillin, and 100 μg/ml streptomycin in the presence of 100 ng/ml LPS and 10 μg/ml U0126 for 24 h. The primed cells were transferred to basic salt solution (BSS) containing 130 mM NaCl, 5 mM KCl, 1.5 mM CaCl 2 , 1 mM MgCl 2 , 25 mM HEPES (pH 7.5), 5 mM glucose and 0.1% BSA. The cells were then incubated at 37°C for 15 min with the 50 μM ε-NAD substrate and 1 mM ADP-ribose (ADP-R) plus 2 mM dithiothreitiol (DTT). Washed cells were lysed in 200 µl ice-cold PBS containing 1% TritonX-100 (Sigma-Aldrich), 2 mM DTT, 2 µg/ml leupeptin, 100 µg/ml PMSF, and 2.5 µg/ml aprotinin. Insoluble material was pelleted by high-speed centrifugation (15 min, 13,000×g). Two micrograms per milliliter anti-LFA-1 Ab (Santa Cruz) was added into the lysate and incubated 2 h at 4°C, and lysates were further incubated with protein G PLUS agarose beads (20 μl beads/lysates from 10 6 cells) for 60 min at 4°C. Immunoprecipitates were washed three times using TX-100 buffer. The final product was eluted into 30 μl 2× SDS binding buffer and boiled for 5 min. The samples were loaded on 15% SDS-PAGE gels and ADP-ribosylated proteins were detected by 1G4 Ab-based Western blot.
Fluorescence-activated cell-sorting analyses and 1G4 mAbbased FACS assays Leukocytes were isolated from the spleens of BALB/c mice. B cells and T cells were respectively stained with fluorochrome-conjugated antibodies against CD19 and CD3 for 30 min at 4°C. Splenocytes negative for CD3 and CD19 were gated and analyzed for expression of CD11c and F4/80 to define the dendritic cell (DC) and macrophage populations, respectively. The defined leukocyte subsets were then stained with antibodies specific for human ART4 (isotype control), ART2.1, or ART2.2. Staining for ART2.1 was performed with Alexa488-labeled mAb Gugu2-22 for 30 min at 4°C. Staining for ART2.2 was performed with Alexa488-labeled mAb Nika102 for 30 min at 4°C. Etheno-ADP-ribosylation of cell surface proteins was monitored using Alexa488-or Alexa467-conjugated, etheno-adenosine specific mAb 1G4 following incubation with 10 µM etheno-NAD as previously described [26] . Stained cells were washed and analyzed on a FACS-Canto II using Diva (Becton Dickinson) and FlowJo (Treestar) software. Gating was performed on living cells on the basis of propidium iodide exclusion. For FACS-based analyses, the cells were incubated with 10 µM ε-NAD and 1 mM ADPR in the presence or absence of DTT for 15 min.
Results
Expression of thiol-sensitive ecto-ART2.1 in freshly isolated spleen macrophages, dendritic cells, and B cells A previous study reported that ecto-ART functional activity was present in splenic T cells but not in splenic B cells or peritoneal macrophages from C57BL/6 mice [8] . This is consistent with the well-characterized expression of ART2.2 in most T cell-lineage subsets from this and other murine strains. However, because C57BL/6 cells cannot express functional ART2.1 protein [27] , these earlier results implied that ART2.2 is likely absent in B cells and macrophages, but left open the possibility that ART2.1 might be expressed by these latter leukocyte subsets in mouse strains other than C57BL/6. In this regard, we recently reported that ART2.1 is selectively expressed as a cytokine-inducible ecto-ART in tissue-cultured bonemarrow-derived macrophages from BALB/c mice [16] . Given that splenic T lymphocytes from BALB/c mice constitutively express both ART2.1 and ART2.2, we tested whether the resident macrophages and dendritic cells (DC), as well as the B cell population, in the spleens of this murine strain also express ART2.1 or other ecto-ARTs. RT-PCR analysis indicated ART2, and ART4 mRNA, but not ART1, ART3, or ART5, was present in whole spleen extracts ( Fig. 1a) and we have previously reported that BALB/c splenocytes express both ART2.1 and ART2.2 mRNA [16] . Because murine ART4 lacks enzymatic activity, these data indicated that only ART2.1 or ART2.2 can catalyze the ecto-ART reactions observed in any of the leukocyte subpopulations within the spleen. We used mAbs selective for ART2.1 or ART2.2 to detect expression of the corresponding enzymes on the surface of various leukocyte subpopulations within the spleen as reported in previous studies with T cells [16] . The gating strategy used to define T cell, B cell, macrophage, and splenic DC populations of splenocytes is illustrated in Fig. 1b . As expected from previous studies, significant levels of ART2.2 were only detected on the surface of T cells, although a low level of staining slightly above the background defined by an isotype control was also observed on the other cell populations studied ( Fig. 1d lower panels) . ART2.1 protein was detected on all cell populations, albeit at low levels (middle panels). Importantly, while ART2.2 was expressed to much higher levels than ART2.1 on T cells, ART2.1 expression was higher than that of ART2.2 on B cells, dendritic cells and macrophages. We next assayed the ecto-ART activity in the different spleen leukocyte subtypes by FACS analyses with the 1G4 mAb. As schematically indicated in Fig. 1c , this mAb selectively recognizes the ε-ADP-ribose moieties covalently attached to target proteins by ART-dependent ADP-ribosylation in the presence of εNAD, an NAD analog [26] . We used a FACS-based protocol to distinguish 1G4-positive cells within the CD3 high T cell, CD19 high B cell, F4/80high macrophage, and CD11c high DC subpopulations of BALB/c splenocytes incubated with εNAD in the absence or presence of DTT ( incubation with εNAD, both in the presence and absence of DTT, consistent with expression of thiol-independent ART2.2 by this cell population. Cell surface ART activity was also detected on B cells, macrophages, and DC. Notably, and in contrast to the situation observed for T cells, cell surface ART activity in these cell populations was much more robust (by two-to fourfold) in the presence of DTT. DTT-dependent ART activity was highest on macrophages, followed by CD11c+ splenic DCs, and B cells. Furthermore, it is of note that DTT-dependent ART activity was observed on the above-mentioned cell populations regardless of whether the experiments were performed in the presence or absence of ADP-ribose, a known inhibitor of the CD38 NADase (data not shown). This indicates that competition for the NAD substrate by CD38 may modulate, but does not completely block ART activity on these cells (also see Fig. 6b ). These data indicate that functional ecto-ART activity is not limited to T cells but is also basally expressed in tissue resident DCs, macrophages, and B cells. However, in contrast to T cells, ecto-ART activity in these latter cell populations is largely dependent on the presence of a reducing agent suggesting that it is mediated by the thiol-dependent ART2.1.
ART2.1 is the predominant ecto-ART subtype in bone-marrow-derived macrophages
The significant basal expression of ecto-ART activity in resident tissue macrophages (Fig. 1) contrasts with the very low basal ecto-ART expression in cultured bone-marrowderived macrophages (BMDM) that we recently reported [16] . That study indicated BALB/c BMDM selectively express ART2.1 as a predominant ecto-ART, but only after activation by IFN or LPS. To further characterize the selective expression of ART2.1 in macrophage-lineage cells, we measured the basal and cytokine/LPS-inducible ecto-ART activities in bone-marrow-derived macrophages (BMDM) from control BALB/c mice versus BMDM from an ART2.1-knockout BALB/c strain. DTT-dependent ART activity was increased when control BMDM were stimulated with either LPS or IFN-γ (Fig. 2a) is the predominant ecto-ART in murine bone-marrow-derived macrophages from BALB/c mice. a BMDM from wildtype BALB/c mice or ART2.1 knockout mice (BALB/c background) were transferred to M-CSF-free medium and then stimulated with or without 100 ng/ml LPS in the absence or presence of 10 µM U0126, or with 100 U/ml IFN-γ for 20 h. Aliquots of the control and primed cells were incubated for 10 min with 50 µM εNAD in the absence or presence of 2 mM DTT and then stained with Alexa488-conjugated, ε-adenosine specific mAb 1G4 followed by FACS analysis. B) Parallel aliquots of control and LPS-or IFN-γ-primed wildtype BALB/c BMDM were stained with anti-ART2.1 or anti-ART2.2 mAbs and assayed by FACS analysis as described in the "Materials and methods" section and Fig. 1 legend. The gray histograms show staining with an isotype control antibody (anti-human ART4) U0126) of the MEK/ERK signaling pathway as previously reported [16] . In contrast, the ART2.1-knockout BMDM expressed little ecto-ART activity, in the absence or presence of DTT, either before or after induction with LPS/IFN-γ. Consistent with these ecto-ART activity profiles, no anti-ART2.2 staining was observed in the control BALB/c BMDM either before or after pro-inflammatory stimulation (Fig. 2b) . As with the freshly isolated spleen macrophages, ART2.1 staining was detected in the BMDM but only after induction with LPS or IFN-γ.
Interestingly, bone-marrow-derived macrophages stimulated with LPS/U0126 express measurable ecto-ART activity even in the absence of exogenously added reducing agents (Fig. 2a) . This activity must be due to ART2.1, as it is absent on ART2.1 single-knockout cells. This suggests that these cells secrete endogenous thiols, such as glutathione or cysteine that mimic the ability of exogenously added DTT to support ART2.1 activity.
ART2.1 is the predominant ecto-ART in murine dendritic cells
Macrophages and dendritic cells are derived from a common set of myeloid progenitor cells in bone marrow; these progenitors differentiate into BMDM in the presence of M-CSF but become bone-marrow-derived dendritic cells (BMDC) in the presence of GM-CSF. Given this shared lineage from common marrow progenitors, we tested whether BMDM and BMDC exhibit a similar pattern of ecto-ART expression, particularly with regard to ART2.1. GM-CSF-expanded BMDC basally expressed ART2.1 mRNA (Fig. 3a) , but not any of the other ecto-ART subtypes (Fig. 3b) . RT-PCR analyses further indicated that the genes for ART2 isoforms (Fig. 3a) , but not other ART subtypes (Fig. 3b) , were selectively induced when BMDC were stimulated with IFNs. IFN-γ increased both ART2. Fig. 3 Cytokine-inducible ART2.1 is the predominant ecto-ART in murine bone-marrow-derived dendritic cells. a BMDC (from BALB/c mice) were stimulated with IFN-β (100 U/ml) or IFN-γ (100 U/ml) for 24 h before extraction and RT-PCR analysis for ART2 (total), ART2.1, ART2.2, and GAPDH mRNA content. b Aliquots of cDNAs from the experiments in panel a were analyzed by RT-PCR for ART1, ART3, ART4, and ART5 mRNA content. As controls, expression of ART1, 3, 4, or 5 mRNA were assayed by RT-PCR in freshly isolated heart from BALB/c mice. c BMDC were stimulated with IFN-β (100 U/ml) or IFN-γ (100 U/ml) for 12 h (priming incubation). Cells were incubated with εNAD before Western blot analysis for εADP-ribosylated proteins. d BMDC were stimulated with LPS (100 ng/ml) or IFN-β (100 U/ml) for 24 h in the presence or absence of 10 μM U0126 (priming incubation). Cells were incubated with εNAD before Western blot analysis for εADP-ribosylated proteins as in c. e BMDC incubated for 24 h in the presence or absence of IFN-γ (100 U/ml) and 10 µM U0126 were analyzed by FACS for ecto-ART activity by 1G4 staining as in Fig. 1 stimulation augmented the amount of ART2.1 mRNA, but induced only minor increases in ART2.2 expression. In both control and IFN-stimulated BMDC, functional ART activity was observed as indicated by the presence of ε-ADP-ribosylated proteins in cell lysates following incubation of intact cells with εNAD (Fig. 3c) . The accumulation of these ADP-ribosylated protein bands during incubation of intact BMDC with ε-NAD substrate was dependent on the presence of extracellular DTT. This indicated that the thiol-dependent ART2.1, rather than the thiol-independent ART2.2, catalyzed ADP-ribosylation. In the absence of IFN stimulation, the basal ART activity was predominantly limited to ADP-ribosylation of a single 34-KDa substrate, which may indicate auto-ADP-ribosylation of ART2.1 itself [28] . In BMDC stimulated with IFNs for 12 or 24 h, additional higher molecular weight proteins were ADPribosylated in a time-dependent manner ( Fig. 3c and d) . This increase in ADP-ribosylation of multiple surface proteins in IFN-primed cells correlated with the increased expression of ART2.1 mRNA. Given the critical role of GM-CSF in DC differentiation [29] , we tested whether the presence or absence of GM-CSF per se modulates ART2.1 expression or activity in BMDC. Removal of GM-CSF from the culture medium for 24 h modestly increased basal ART2.1 activity in BMDC (data not shown). We also tested the effect of LPS on the induction of ART2.1 activity in BMDC. By itself, a 24-h exposure to LPS induced only a minor increase in ART activity as indicated by the intensity of the 34-KDa ADP-ribosylated protein band. Similar to our previous finding that the LPS-induced ART2.1 expression in BMDM is potentiated by the suppression of the ERK1/2 pathway ( Fig. 2 and [16] ), blockade of this pathway by the MEK1 inhibitor U0126 also markedly increased induction of ART2.1 activity by LPS and IFN-β in BMDC (Fig. 3d) . We used the previously described FACS-based analyses ( Fig. 1) to characterize 1G4 staining (Fig. 3e ) in individual cells from control BMDC cultures versus BMDC stimulated with IFN-γ plus U0126. These measurements verified the expression of a thiol-dependent ART reactivity in individual BMDC but only after priming with an inflammatory cytokine. Staining with antibodies specific for ART2.1 or ART2.2 failed to reveal detectable levels of either isoform on these cells (data not shown). Nonetheless, the clear dependence of the observed ART activity on the presence of a reducing agent strongly suggests that ART2.1 is the responsible enzyme.
ART2.1 is the predominant ecto-ART in murine B cells
Immunomagnetic beads were used to separate the B cell and T cell populations from BALB/c splenocytes for in vitro characterization of ART subtype expression. RT-PCR analyses indicated that the B cells basally express mRNA transcripts for ART2.1 and ART4 but not ARTs 1, 3, or 5 ( Fig. 4a and b) . Consistent with previous studies [23] , the B cells expressed abundant transcripts for CD38. In contrast, the T cell fraction contained high levels of mRNA for both ART2.1 and ART2.2 but little CD38 (Fig. 4a) . Consistent with the basal expression of ART2.1 mRNA, the freshly isolated intact B cells also showed robust ART activity but only in the presence of DTT (Fig. 4c) . In contrast, unfractionated splenocytes or purified T cells exhibited similarly strong ART activities when assayed in the absence or presence of DTT Fig. 4c ). The absence of ADPribosylation activity in splenic B cells isolated from C57BL/6 mice, strongly suggested that the thiol-dependent ART activity observed in the purified BALB/c splenic B cells was due to the ART2.1 enzyme and was not due to contamination by residual T cells (Fig. 4d) . Thiolindependent ART activity was observed in C57BL/6 T cells, consistent with their normal expression of ART2.2 (Fig. 4d) . In vitro incubation of the BALB/c B cells for 24 h resulted in significant increases in both ART2.1 mRNA and thioldependent ART activity (Fig. 4a, c , and e). Note that the Western blot in Fig. 4e was developed for a shorter time than that in Fig. 4c to facilitate comparison of relative signal strengths in the major ART substrate proteins at ∼55 kDa, 85 KDa, and 105 KDa. Naïve splenic B cells incubated in vitro in the absence of survival factors undergo rapid apoptosis with ∼50% of the population becoming TUNELpositive within 24 h [30] . Inclusion of IL-4, which suppresses B cell apoptosis [30] , in the culture medium modestly attenuated the observed increase in ART2.1 activity (Fig. 4e) . Thus, the increased ART2.1 expression in shortterm cultures of B cells may be a secondary consequence of apoptotic induction. Previous studies have reported that naive B cells cultured in the presence of IFN-α or IFN-β, but not IFN-γ, exhibit markedly increased expression of CD69, CD86, and other activation markers [31] . However, no obvious decrease or increase in ADP-ribosylation of the major ART substrate proteins was observed when B cells were incubated in vitro in the presence of either IFN-β or IFN-γ (Fig. 4e) .
Regulated expression of ART2.1 and ART2.2 in murine T cells ART2.1 is significantly up-regulated by IFNs in macrophages ( Fig. 2 and [16] ) and dendritic cells (Fig. 3) but not in B cells (Fig. 4) . This suggested that the IFN induction of ART2.1 expression might be limited to myeloid leukocytes and absent in the lymphoid leukocytes. However, ART2.1 was induced in purified B cells as a likely response to the absence of extrinsic survival factors when cultured in vitro (Fig. 4) . Thus, we tested whether the robust ART2.1 and ART2.2 expression observed in freshly isolated spleen T cells is modulated either upon removal of in vivo factors or when supplemented with exogenous IFN-γ, a known modulator of T cell proliferation and survival [32] . T cells from the spleens of BALB/c mice were purified by negative selection on immunomagnetic beads and then incubated for 12-24 h in the absence or presence of IFN-γ. DTTindependent ecto-ART activity was assayed as an index of ART2.2 expression while activity in the presence of added DTT provided a measure of combined ART2.1 and ART2.2 expression. Compared to freshly isolated cells, T cells incubated in standard serum-supplemented culture medium for 12-24 h were characterized by markedly decreased ART2.2 activity, but only a modest decrease in the combined ART2.1/ART2.2 activity supported by DTT (Fig. 5a) . A time-dependent decrease in DTT-independent ART activity was also observed when freshly purified splenic T cells from C57BL/6 mice were cultured in vitro (Fig. 5b) . This further suggests that ART2.2, rather than ART2.1, is the predominant isoform that is down-regulated during culture of BALB/c T cells.
Neither DTT-independent nor DTT-dependent ADPribosylation of surface proteins was significantly modulated by inclusion of IFN-γ in the culture medium (Fig. 5a) . However, the rapid down-regulation of ART2.1 and ART2. (Fig. 5c ). The ART2.1 mRNA level in these cells was markedly up-regulated by both IFN-β and IFN-γ while ART2.2 expression was enhanced by IFN-γ, but not IFN-β. IRF-1 up-regulation by IFN-β/γ was correlated with the increased ART2 expression. As in primary T cells, BW5147 cells also express DTT-dependent and DTT-independent ART activities on their extracellular surface (Fig. 5d) . IFN-γ stimulation caused marked increases in the DTT-sensitive and DTT-independent ART activities (Fig. 5d) . IFN-β priming (data not shown) resulted in a marked up-regulation of the DTT-sensitive ART2.1 function but only a modest increase in DTT-independent ART activity; these relative changes in ART activities were consistent with the observed changes in ART2.1 and ART2.2 mRNA levels (Fig. 5c ).
Integrins and other cell surface proteins as substrates for the ART2.1 expressed in lymphoid and myeloid leukocytes
The studies described above indicate that the thiol-sensitive ART2.1, in contrast to ART2.2, is expressed in a broad range of myeloid and lymphoid leukocytes. This raises questions as to whether common and/or cell-specific C. Hrs in vitro Fig. 5 Basal and cytokine-modulated expression of ART2.1 and ART2.2 in splenic T cells and BW5147 thymocytes. a T cells were isolated from BALB/c spleens by negative selection (immunodepletion of B cells and myeloid cells) and were either assayed for ecto-ART activity immediately after isolation or after in vitro incubation for 12 or 24 h in the absence or presence of IFN-γ (100 U/ml). T cells were assayed for ecto-ART activity as described in Fig. 4c . b T cells were isolated from C57BL/6 spleens by negative selection and were assayed for ecto-ART activity immediately after isolation or after in vitro incubation for 15 or 24 h. T cells were assayed for ecto-ART activity as described in Fig. 4c . c BW5147 T cells were stimulated without or with IFN-β (100 U/ml) or IFN-γ (100 U/ml) for 24 h before extraction and RT-PCR analysis for ART2 (total), ART2.1, ART2.2, IRF-1, and GAPDH mRNA content. d BW5147 T cells were incubated without or with IFN-γ (100 U/ml) for 24 h (priming incubation) prior assay of ecto-ART activity as described in Fig. 4c . All results are representative of observations from two to three independent experiments surface proteins are preferentially targeted by ART2.1 in these various leukocyte subsets. Figure 6a compares the major ADP-ribosylation targets for ART2.1 in freshly isolated spleen B and T cells versus IFN-γ primed cultures of BMDM and BMDC (normalized for identical protein content per lane); the T cell lane necessarily includes proteins targeted by ART2.1 and/or ART2.2. Several common protein substrates at ∼105, 80, and 35 kDa were apparent in all four leukocyte extracts, albeit at different intensities which likely reflect cell-specific differences in the copy number of ART2.1 and/or the copy number of the protein substrate. However, other ribosylated bands, e.g., in the 19-35-kDa region, were unique to lymphoid-lineage leukocytes.
Other ecto-enzymes that modulate the efficiency of NAD-dependent ADP-ribosylation of cell surface proteins can also be differentially expressed in leukocyte subsets. These include: (1) the CD38 NAD glycohydrolases and CD203 nucleotide pyrophosphatases that metabolize extracellular NAD and thereby reduce substrate drive to the ARTs; and (2) the ADP-ribose hydrolases (ARHs) that de-ADP-ribosylate proteins and thereby reverse the effects of ARTs (2) . As indicated in previous figures, extracellular ADP-ribose (1 mM) was routinely added with NAD to minimize the actions of these other ecto-enzymes. We also assessed the relative contributions of these latter reactions in macrophages, T cells, and B cells by comparing the accumulation of ADP-ribosylated proteins in the absence or presence of ADP-ribose (Fig. 6b) . Inclusion of ADP-ribose strongly facilitated accumulation of modified proteins by macrophages while only modestly increasing the labeling of T cell proteins and exerting an intermediate effect in B cells. Interestingly, the ART2.2-selective modification of surface proteins in C57BL/6 T cells showed a greater sensitivity to exogenous ADP-ribose (Fig. 5b) than the combined ART2.1/ART2.2-catalyzed ADP-ribosylation patterns observed in BALB/c T cells (Fig. 6b) .
B. Notably, high-molecular-mass substrates in the 160-180-kDa region were very prominent in both B and T cells and were also evident in the macrophage and DC extracts when the immunoblot peroxidase reactions were over-developed (Fig. 6a, lower panel) . The 100 and 160-180-kDa ADPribosylated bands suggest that β and α subunits of certain integrins may be common targets for the ART2.1 expressed in all leukocyte subsets. Previous studies have identified LFA-1 (CD11a/CD18) as a major ART2.2 substrate in T cells that results in ADP-ribosylation of both the CD11a α subunit and the CD18 β subunit [8, 33] . We used anti-LFA-1 mAb to immunoprecipitate protein in a lysate prepared from LPS/U0126-primed BMDM that were acutely incubated with ε-NAD for 15 min prior to extraction and immunoprecipitation (Fig. 6c) . These data indicate that the 180-kDa α subunit of LFA-1 is also a substrate for the ART2.1 expressed in inflammatory macrophages.
Discussion
These studies demonstrate that the ART2.1 ecto-enzyme is basally expressed at functionally significant levels in murine macrophages, dendritic cells, and B lymphocytes. Moreover, both myeloid leukocytes (BMDC and BMDM) and lymphoid T cells, but not B cells, respond to type I and type II IFNs with marked increases in expression of ART2.1 mRNA and activity. These findings add to the existing body of data regarding expression of other ecto-ART subtypes in different leukocyte populations. Human neutrophils constitutively express ART1 stored in an intracellular pool which can be rapidly mobilized to the cell surface in response to activation by formyl-Met-Leu-Phe [34] . Human monocytes basally express ART3 mRNA and inducibly express ART4 mRNA in response to LPS priming [35, 36] ; however, neither ART3 nor ART4 appear to act as functionally active ADPribosyltransferases. As noted previously, the expression and function of the ART2 gene products have been extensively characterized in murine T cells [9, 17, 33, 37] and we recently reported that ART2.1 is selectively expressed in murine BMDM stimulated with IFNs or LPS [16] . These new data conclusively demonstrate that ART2.1 is expressed as a functional ecto-enzyme in a much broader range of leukocyte subtypes (dendritic cells, macrophages, B cells, and T cells) than is ART2.2 which appears restricted to T cell subsets.
The observed differences in extent and inducibility of ART2.1 expression in tissue myeloid cells, bone-marrowderived myeloid cells, and lymphoid-lineage cells suggest that the basal expression of this gene product may vary with proliferation or differentiation state as well as lineage. Freshly isolated splenic macrophages and splenic dendritic cells exhibited robust DTT-dependent ART activity (Fig. 1e) despite the very modest expression of immunoreactive ART2.1 protein that could be detected by FACS (Fig. 1d) . However, tissue-cultured BMDC (Fig. 3) and BMDM ( Fig. 2 and [16] ) were characterized by modest basal ART2.1 expression that was markedly up-regulated in response to inflammatory activation.
The strong basal expression of ART2.1 and ART2.2 in freshly isolated T cells (Figs. 1 and 5) and an established T cell line (Fig. 5) indicates that these genes are constitutively active in the T cell background. This also suggests that basal ART2 expression may involve regulation by T-cellspecific transcription factors. The robust in vivo expression of ART2.1 and ART2.2 in freshly isolated spleen T cells suggests that extrinsic in vivo factors may amplify or sustain the activity of such transcription factors. This possibility is supported by our finding that the activities of ART2.2 and ART2.1 (to a lesser extent) markedly decreased when purified spleen T cells were placed in short-term cell culture (Fig. 5a ). Although expression of ART2.1 and 2.2 was not obviously modulated during short-term (24 h) in vitro culture of primary T cells, both ecto-enzymes were up-regulated in BW5147 thymocytes cultured in the presence of IFNs. With the caveat that BW5147 are a transformed T cell line, these studies suggest that the expression of both ART2.1 and ART2.2 can be modulated by cytokines and possibly other extrinsic factors in T lymphocytes at different developmental stages.
In contrast to T cells, expression of only ART2.1, but not ART2.2, is constitutive in B cells (Fig. 4) and neither gene appeared to be inducible by interferons. However, modest increases in ART2.1 activity during short-term culture of isolated B cells were reversed by IL-4 suggesting a possible induction of ART2.1 as an ancillary response to B cell apoptosis. Finally, in myeloid leukocytes, the ART2.1 (and perhaps ART2.2) gene product is constitutively expressed at a low level and is induced to varying degrees in response to tissue-specific environmental factors that may include extracellular matrix, chemokines, cytokines, and direct contact with other non-myeloid cell types.
In some experiments with macrophages or DCs, we observed some ecto-ART activity even in the absence of added DTT. This nominally DTT-insensitive activity was most likely due to ART2.1 and not ART2.2 since it was not found in leukocytes from BALB/c knockout mice which lack the thiol-sensitive ART2.1 but express the thiolinsensitive ART2.2. Additionally, ART activity in the absence of exogenous DTT was also observed in leukocytes from NZW mice which are genetically defective in ART2.2 expression (data not shown). We tentatively conclude that ART2.1 activity can be supported by endogenous thiols, such as cysteine and glutathione, released from leukocyte suspensions, particularly when incubated with NAD at high cell concentrations. Extracellular thiols in circulating plasma include 8-10 μM cysteine, ∼40 μM cystine, and 2-4 μM glutathione (GSH) [38] . In the fasting state, GSH is released from the liver and skeletal muscle into the circulation; extracellular GSH is steadily metabolized by cell surface γ-glutamyl transferases to yield free cysteine. Significantly, the concentration of extracellular cysteine within inflammatory loci can rise to submillimolar levels due to increased release and degradation of GSH by activated macrophages [12, 39] . Depending on local oxygenation, the accumulated cysteine will be variably oxidized to cystine to set the local redox ratio of Cys/ CysSS, and this ratio will be increased in interstitial compartments with low oxygen tension as occurs in ischemic or hypoxic tissue. Thus, ART2.1 activity will be facilitated in leukocytes by the hypoxic conditions that often characterize inflamed or damaged tissues.
It should be noted that some ART2.2 mRNA, but no measurable thiol-independent ART activity, can be measured in tissue-cultured B cells (Fig. 4) , BMDC (Fig. 3) , and BMDM from BALB/c mice, as well as BMDM from C57BL/6 animals [16] . However, we were unable to measure any significant DTT-independent ART activity in BMDM isolated BALB/c mice with a selective knockout of ART2.1 expression (Fig. 2) . Additional experiments are required to ascertain whether ART2.2 significantly contributes to overall ART2 activity in myeloid leukocytes and B cells under in vivo conditions.
Notably, in addition to ART2.1 mRNA and functional activity, we also observed ART4 mRNA transcripts in both total spleen extracts ( Fig. 1) and purified B cells (Fig. 4) . In contrast to the inducible expression of ART4 mRNA reported in human alveolar epithelial cells [40] and human monocytes [35, 36] , murine B cells express ART4 mRNA in their basal state (Fig. 4b) . Despite the expression of ART4 mRNA in B cells, monocytes, and epithelial cells, the activity of this protein as an ADP-ribosyltransferase in mammalian leukocytes has not been established [35, 36] . Indeed, purified recombinant mammalian ART4 expressed in transfected insect cells shows no ADP-ribosyltransferase activity even when tested with the arginine-analog model substrate agmatine [5] ; this contrasts with the readily measured activities of recombinant ART1, ART2, or ART5 in identical assays. Interestingly, the recently cloned avian orthologue of ART4 is an arginine-specific ART that is highly expressed in hematopoietic cells [41] . This suggests that mammalian ART4 has accumulated mutations which suppress its function as an ADP-ribosyltransferase while not affecting its utilization in other biological roles. For example, ART4 is the basis for the Dombrock blood group antigens in humans [42, 43] . That we observed no DTT-independent ART activity in BALB/c B cells minimally indicates that ART4 cannot function as a thiolindependent ecto-ART in these lymphocytes (Fig. 4c) .
When normalized for cell number, fresh T cells clearly express much higher total ecto-ART activity than fresh B cells, primed BMDM, or primed BMDC (Fig. 6a) . This reflects in part the very high expression of ART2.2, in addition to ART2.1, in T cells. Moreover, comparative FACS analyses with anti-ART2.1 mAbs have indicated that the copy number of ART2.1 is greater in T cells (see Fig. 7c in Ref. [16] ) than in B cells (Fig. 1) or the myeloid leukocytes even after inflammatory activation (Figs. 2 and 3) . A major limitation of our studies is the relatively low avidity of the anti-ART2.1 mAbs used for FACS analysis as well as the absence of anti-ART2.1 antibodies suitable for Western blot analysis of ART2.1 protein expression. While FACS analysis indicated that only 2-6% of rigorously gated spleen B cells, DCs, or macrophages expressed significant levels of immunoreactive ART2.1, the 1G4 mAb-based activity analyses demonstrated that 40-80% of the identically gated splenocyte subsets were positive for ADP-ribosylated cell surface protein. This suggests that high reaction rates in a small pool of ecto-ART2.1 enzymes on a single leukocyte are sufficient to drive significant accumulation of covalently modified cell surface proteins. The efficacy of this limited pool of ART2.1 to support accumulation of ADP-ribosylated proteins in individual leukocytes will be further modulated by differential expression of the CD38 and CD203 ecto-enzymes that compete with ARTs for local pools of extracellular NAD.
Several cell surface proteins in the different leukocyte subsets appeared to be common substrates for ART2 ectoenzymes ( Fig. 6a and b) . We specifically identified the LFA-1 integrin (Fig. 6c) as a common substrate for the ART2.1 in myeloid leukocytes and the ART2.2 in T cells. In other preliminary studies we have observed that the P2X7 receptor is ADP-ribosylated by ART2.1 on the same arginine residues that are modified by ART2.2. Identification of other target proteins modified by ART2.1 is an important goal for future experiments.
In conclusion, these studies suggest that the thiol-dependent ART2.1 is widely expressed as a basal or cytokine-inducible ecto-enzyme in all murine leukocyte types tested. This general expression may underlie a potential role for ART2.1 in innate and adaptive immune responses occurring under conditions (hypoxia, tissue damage, microbial invasion) that will favor both NAD release to extracellular compartments and reduction of the allosteric disulfide bond on ART2.1. The consequent activation of ART2.1 catalytic function under such conditions may target other cell surface proteins of the host leukocytes as well as arginine-rich, secreted anti-microbial proteins such as the α-defensins [44] [45] [46] .
